This paper discusses fabrication aspects of photoresist sacrificial layers for fabricating metal bridges of capacitive radio frequency (RF) microelectromechanical systems (MEMS) switches. First, reflow of the photoresist layer after lithography is investigated for reducing mechanical fracture of the metal layer by smoothing the edges of the sacrificial layer. Second, the dry-etch releasing process of the structures in an O 2 plasma has been investigated by identifying suitable etching parameters. The findings in this paper reveal that the mechanical performance of the released bridges strongly depends on the etch parameters. It is shown that especially the etching power affects the mean stress and the stress gradient in the bridge, which results in buckling and deformed bridge shape for an etching power above 500 W, drastically increasing the actuation voltage and reducing the down-state capacitance. Finally, the paper presents a suitable parameter set for the release etching of capacitive MEMS metal bridges.
Introduction
A typical capacitive switch consists of a substrate (such as high-resistivity silicon wafer, glass or quartz); a coplanar waveguide (CPW) transmission line; a dielectric layer (such as silicon nitride or silicon oxide) with thickness between 0.1 and 0.2 µm and a suspended metal bridge, which moves up and down to realize the switching function between the up-state and down-state. Typical capacitance values of up and down states are several tens of femtoFarads and several picoFarads, respectively.
Up to date, different surface and bulk micro-machining processes have been developed for the fabrication of radio frequency (RF) microelectromechanical systems (MEMS) capacitive switches [1] [2] [3] [4] . The releasing of the metal bridge is one of the most critical steps in the fabrication of such a switch.
Wet releasing is not a favorite method, since the involvement of liquid etchants frequently results in fabricationinduced stiction, or it requires special equipment, such as a CO 2 critical point dryer. Also, aggressive etchants used for wet releasing may attack other layers, especially the passivation dielectric or the metal transmission lines.
Thus, the most frequently used releasing method is dry etching. In this method, photoresist or polyimide is typically used as the sacrificial layer and it is removed by O 2 plasma after the metal bridge fabrication. The main advantage of dry releasing is that stiction problems are easily avoided. Several researchers have discussed the dry release of metal structures in oxygen plasma [5, 6] , but no detailed investigation of the effect of the process parameters has been carried out.
The present paper investigates how the dry releasing process parameters affect the performance of the capacitive switches, especially by influencing the fabrication-induced stress in the metal bridge.
In general, stress in thin films has to be distinguished between thermal stress and intrinsic stress.
Thermal stress results from differences in the thermal expansion of different metal layers during fabrication processes involving elevated temperature, and intrinsic stress results from the microstructure of the film created by the successive deposition of atoms or molecules during the fabrication of the film. At substrate temperatures less than 20% of the melting point, the intrinsic stress due to incomplete structural ordering dominates [7] .
The intrinsic stress can be further divided into a tensile stress and a compressive stress. The tensile stress results from micro-voids in the thin film, because of the attractive interaction of atoms across the voids; whereas the compressive stress results when heavy ions or energetic particles strike the film during deposition. The impacts are like hitting the film with a hammer, packing the atoms more tightly [8, 9] .
The total intrinsic stress in a thin film deposited on a substrate can be approximated by a biaxial homogeneous stress superimposed on a linear biaxial stress gradient, which varies linearly from the top surface to the bottom surface. The homogeneous stress component forces the microstructures to elongate and has been evaluated by measuring the buckling of double-side clamped beams, deformed rings or diamonds or deflecting indicator structures [10] ; whereas the stress gradient can cause changes in the shape of the structures and the performance and has been evaluated from the deflection of single-side clamped cantilevers, the rotation of spirals or from Raman measurements on film cross sections.
The intrinsic stress has great influence on the characteristics, stability and performance of a device. Therefore, it is important to characterize and deduce intrinsic stresses in released microstructures.
The aims of this paper are: first, to discuss the influence of different process parameters, such as the effects of etching power and pressure etc, on the dry release; second, to discuss the effects of releasing process parameters on the stress status in the metal bridge. Furthermore, the paper discusses how the mean stress and the stress gradient in the metal thin film can be determined and reports on the fabrication and characterization of a dry-etch-released capacitive switch.
Fabrication process
The switches are fabricated on a high-resistivity (>4000 cm) silicon wafer in a four photolithographic mask process. The fabrication process flow is shown in figure 1 . First, plasmaenhanced chemical vapor deposition (PECVD) of SiO 2 to a thickness of 1 µm is deposited as a buffer layer, as shown in figure 1(a) . Then a Ti film of thickness 0.5 µm is deposited and patterned as a lower electrode with the first mask, as shown in figure 1(b) . A layer of aluminum (Al) 2 µm thickness is evaporated and patterned as a coplanar waveguide CPW transmission line with the second mask. The Al film is patterned using a wet etch, as shown in figure 1(c) . Afterwards, a 0.15 µm thick layer of PECVD SiN is deposited with a SiH 4 (20%) flow rate of 24 sccm and a NH 3 flow rate of 7.1 sccm at a pressure of 1.1 Torr and a temperature of 250
• C as shown in figure 1(d) . For etching the SiN layer, 2.5 µm thick photoresist (Sumitomo PFI26A) is used as a soft mask. This photoresist layer is also used as the sacrificial layer, and is reflowed on a 200
• C hot plate for 2 min after exposure and development with the third mask. The reflow process is critical to form the smooth edge profile required when evaporating the metal bridge. The SiN layer is patterned by reactive ion etching (RIE) as shown in figure 1(e). After SiN patterning, the photoresist is not stripped, and a 0.6 µm layer of Al is evaporated and patterned as a metal bridge with the fourth mask as shown in figure 1(f ). The final step in the fabrication is the release etching, where the sacrificial photoresist frees the metal bridge by dry etching of the photoresist by oxygen plasma in a plasma-therm 790 series RIE system from Material Co., USA as shown in figure 1(g). The total etching time is 90 min in 2 steps, each step taking 45 min. This long etching time includes residual removing time after the sacrificial photoresist is etched away. There is a DI water cooling system under the wafer holder; therefore the highest temperature during the etch process is controlled to be lower than 50 C. Figure 2 shows two scanning electron microscopy (SEM) pictures of capacitive shunt switches after oxygen plasma release at different powers. The width of the metal bridges is 100 µm.
Analysis of the intrinsic stress
Thin film structures deform undesirably as a result of residual stress. Therefore it is important to control the stress and stress gradient in the metal bridge in order to obtain a flat metal bridge after releasing. The global stress in the thin film can be extracted from the measurement of the wafer curvature before and after the film deposition [11] . However, the stress level in the final structure may be different from the as-deposited state, because the film undergoes various micromachining processes, with various thermal cycles in different process steps and exposure to plasma treatment in the dry release process. Therefore, instead of measuring the global film stress using wafer curvature measurement, it is more conclusive to measure the mean stress and the stress gradient in the released structures.
In order to identify the mean stress and the stress gradient, different testing structures have been used to diagnose the state of stress in the film [10] . Among them, micro-cantilevers are some of the simplest and most frequently used test structures and can be used to investigate different combinations of uniform mean stresses and stress gradients [12] . Therefore, an array of micro-cantilevers is fabricated on the same wafer together with the capacitive switches to measure the in situ stress as shown in figure 3 . The cantilever beams are 50 µm wide and vary in their length from 200 to 410 µm in 15 µm increments. The width of the test structure of the cantilever beams is the same as the width of the metal bridge. Therefore, the effect of the dry release process on the test structure of the cantilever beam is the same as on the metal bridge in this design.
The beams are clamped at one end and free at the other end. The total intrinsic stress in the beam can be divided into a constant mean stress σ 0 and a gradient stress σ 1 . Assuming a linear stress profile within the beam, σ 0 and σ 1 can be expressed as [12, 13] 
where z ∈ (−t/2, t/2) is the coordinate normal to the surface of the beam with the origin chosen at the film's mid plane, t is the thickness of the beam, σ (z) is the stress distribution along the thickness of the metal beam. The uniform stress σ 0 accounts for in-plane elongation of the beam whereas the stress gradient component σ 1 causes out-of-plane deflection. The stress distribution leads to a moment M 0
where w is the width of the metal bridge. The moment M 0 causes out-of-plane bending of the cantilever beams. Assuming the curled cantilever beams are perfectly circular and fixed support at one end, the radius of curvature can be calculated as [14] 
The relationship between the radius and the displacement throughout the cantilever beam can be calculated from trigonometry as shown in figure 4(b) . In figure 4(b) , the contour of the released cantilever beam
where L is the length of the deflected cantilever projected on the x-axis, and z tip is the deflection of the tip of the cantilever beam. Substituting equation (3) into equation (4), the stress gradient can be calculated by
Based on figure 4(b), after release, the length of the cantilever beam s after elongation can be calculated by
Then, the in-plane residual stress σ 0 can be determined by
where ε is the strain of the cantilever beam after release and l is the original length of the cantilever beam. Based on equations (3)- (7), the mean stress and the stress gradient can be obtained by the curve-fitting method with the following steps. First, σ 1 can be calculated according to equation (5) after measuring the deflection z of a cantilever beam at different positions; then based on equation (3) and the calculated σ 1 , the radius of the curved cantilever beam R can be calculated; after that, s can be obtained based on equation (6) and the values of R, L and z tip ; finally, σ 0 is calculated according to equation (7).
Experimental results and discussions

Metal bridge fracturing
The fracture of Al structure layers during the releasing process is reported in [6] . In order to solve this problem, multiple exposures are adopted. In the present paper we utilize a high temperature reflow of sacrificial photoresist. Figure 5 shows two small metal bridges after wet etching of Al. It clearly shows that after the reflow of the sacrificial photoresist after lithography, the metal bridge is kept intact whereas the metal bridge patterned on the sacrificial photoresist without reflow is broken. The reason is that after reflow, the edges of the sacrificial photoresist become smooth, as shown in figure 6 . Figure 6 (a) shows the surface profile of the sacrificial photoresist across the metal bridge after developing and without reflow. It can be seen clearly that there are two 'spikes' at each end of the via holes. Therefore the coverage of the Al film is not uniform at these spikes and during the wet etching of the metal bridge, the etchant can easily permeate along the 'spikes' and attack the Al film, which results in the broken metal bridge; figure 6(b) shows the surface profile of the photoresist with reflow at 200 • C for 2 min. The profile shows that the edge of the two vias is much smoother after reflow, therefore the step coverage is much better, and after wet etching of the aluminum, the metal bridge seldom breaks.
Process parameters of dry release
In this section, the effects of RIE process parameters on the lateral etching rate of the sacrificial photoresist during the dry releasing process are studied in detail. The vertical etching rate of the photoresist varies between 0.15 and 0.3 µm min −1 and is faster than the lateral etching rate. Therefore, the releasing time is mainly determined by the lateral etching of the sacrificial photoresist layer. To simplify the fabrication, in this experiment, the lower dc pad and the dielectric layer are not fabricated since they do not have any impact on the removal of the sacrificial photoresist layer. In order to measure the diameter of the photoresist circles, after release etching, the metal bridge above the photoresist is removed using the Al wet etchant as shown in figure 7 .
During the release process, two main process parameters are investigated. The first one is the chamber pressure. Figure 8 shows how the lateral etching rate changes with the oxygen pressure. The lateral etching rate is defined as where d 1 and d 2 are the diameters of the photoresist circles at times t 1 and t 2 , respectively.
It is shown that when the pressure is below 500 mTorr, the lateral etching rate increases slowly with pressure; when the pressure is above 500 mTorr, the lateral etching rate is a constant. This phenomenon can be explained as that the oxygen atom creation rate increases with increasing of the chamber pressure whereas the mean-free-path length of the O 2 plasma decreases with increasing of the oxygen pressure. As a result, the effect of isotropic etching increases [15, 16] and the lateral etching rate increases first; as the pressure increases further, the oxygen atom recombination increases, and at certain pressure, the oxygen atom creation and recombination are balanced. Therefore, there is a trade off between the pressure and the lateral etching rate.
Another important process parameter that may affect the release process is the power. Figure 9 shows that the lateral etching rate increases with etch power, and upto 600 W there is no saturation point. However, too high a power may cause buckling of the metal bridge, as shown in figure 10 . The buckling indicates that high compressive stress exists in the metal bridge. The compressive stress can be attributed as the result of the metal bridge being bombarded by high energy particles [17] . During the O 2 plasma etch process, oxygen absorbed on the surface of the growing film decreases the surface mobility of the arriving atoms. This results in a less ordered structure with vacancies and interstitial atoms. Atoms in the grain boundaries and interstitials in the Al thin film produce high compressive stress. Therefore, the etching power in this work is limited to 430 W. Figure 11 presents the measured profile of the cantilever beam with a length of 375 µm. The measurement was done by a Wyko NT3300 optical profiler in vertical scanning interferometry (VSI) mode. The Wyko system utilizes white light passed through a beam splitter to form interference fringes as a function of height on the sample. Different maps of the surface profile can be obtained from the measurements to provide information on displacement and stress in the structure. This is a non-contact method to measure the contour of the structures and it has the advantages of being fast and non-destructive [18, 19] . Figure 12 shows that the measured deflection and curve-fitted deflection of the cantilever beam vary with the position along the beam. These measured deflections can be obtained from figure 11 . According to equations (5) and (7), the fitted mean stress σ 0 and stress gradient σ 1 are σ 0 = 21.8 MPa and σ 1 = 3.6 MPa, respectively. The residual stress and stress gradient can affect the characteristics of the RF switch, especially the pull-in voltage. The spring constant of the metal bridge is mainly determined by the residual stress in the metal bridge [4] . The higher the residual stress, the larger the spring constant of the metal bridge and the pull-in voltage of the switch.
Stress in a thin metal film
Characterization of the capacitive switches
The fabricated MEMS capacitive switches are shown in figure 2. Figure 13 presents the measured C-V curves for the two switches. The curves are measured with an HP 4275A multi-frequency LCR meter with an internal bias option. For the switch released at 500 W, the up-state capacitance is 35 fF and the down-state capacitance is 420 fF even if the applied voltage is as high as 40 V; whereas for the switch released at 430 W, the pull-down voltage can be clearly identified as 30 V and the hold-down voltage is 20 V. The up-state capacitance is 80 fF and the down-state capacitance is 2.8 pF.
The differences of the capacitance values between the two switches are because after releasing at 500 W, the metal bridge buckles due to the negative stress gradient in it. Therefore the average gap between the metal bridge and the lower dc pad is larger than the designed value of 2 µm and the up-state capacitance becomes smaller. When the metal bridges are pulled-in, the warp-up of the metal bridge for the switch released at 500 W makes it difficult to contact the dielectric surface intimately, therefore the down-state capacitance is much smaller than that of the switch released at 430 W. Figure 14 shows the measured up and down states RF performances for the two switches. In the up-state, the insertion loss of the switch released at 500 W is smaller than that of the switch released at 430 W since its up-state capacitance is smaller; at the down-state, the isolation is less than 10 dB at 20 GHz for the switch released at 500 W, since its down-state capacitance is only 420 fF; whereas for the switch released at 430 W, the isolation is as large as 23 dB at 20 GHz.
Conclusions
The influences of dry-etch releasing process parameters on the stress status in the metal bridge are investigated in this paper. The etching rate of a sacrificial photoresist was found to increase with the etching power and oxygen pressure. However, if the etching power is higher than 500 W, the metal bridge is easily damaged. It is also shown that the mean stress and the stress gradient were determined by curve fitting the measured deflection of the cantilever beams with the stress model. During the dry releasing process, if the power is higher than 500 W, a negative stress gradient is created in the metal bridge, which results in the warping up of the metal bridge and hence unacceptable down-state RF performance. The optimized etching power and the oxygen pressure used in the releasing process are 430 W and 500 mTorr.
